The previously described CLB1 and CLB2 genes encode a closely related pair of B-type cyclins. Here we present the sequences of another related pair of B-type cyclin genes, which we term CLB3 and CLB4. Although CLB1 and CLB2 mRNAs rise in abundance at the time of nuclear division, CLB3 and CLB4 are turned on earlier, rising early in S phase and declining near the end of nuclear division. When all possible single and multiple deletion mutants were constructed, some multiple mutations were lethal, whereas all single mutants were viable. All lethal combinations included the clb2 deletion, whereas the clbl clb3 clb4 triple mutant was viable, suggesting a key role for CLB2.
INTRODUCTION
In the budding yeast Saccharomyces cerevisiae and the fission yeast Schizosaccharomyces pombe, there are two prominent cell cycle control events: Start in Gl phase and mitosis. Both events require the activity of a protein kinase that is encoded by CDC28 in S. cerevisiae and cdc2+ in S. pombe (Nurse and Bissett, 1981; Piggott et al., 1982; Reed and Wittenberg, 1990; Surana et al., 1991) . Highly conserved Cdc28/Cdc2 homologs have been found in other eukaryotic species as diverse as Drosophila (Jimenez et al., 1990; Lehner and O'Farrell, 1990a) , corn (Colasanti et al., 1991) , and humans (Lee and Nurse, 1987) . In a number of cases, these homologs are able to function in one or both of the yeasts (e.g., Lee and Nurse, 1987) .
The Cdc28/Cdc2 protein kinase activity resides within a complex containing at least one other protein, a cycin (Evans et al., 1983; Swenson et al., 1986; Draetta and Beach, 1988; Goebl and Byers, 1988; Hagen et al., 1988; Solomon et al., 1988; Booher et al., 1989; Gautier et al., 1990) . The cyclin may be thought of as a positive regulatory subunit of Cdc28/ Cdc2 and perhaps also of other protein kinase catalytic subunits. Six different sequence classes of cyclins have been described: A, B, C, D, E, and Cln (reviewed by Hunter and Pines, 1991) . Functionally, only two roles have been defined: "mitotic" cyclins bind to and regulate Cdc28/Cdc2 in mitosis, whereas "Gl" cyclins bind to and regulate Cdc28 at Start. Most cyclins of the Btype sequence class are mitotic cyclins, although there appears to be at least one B-type cyclin that functions in Gl phase (Bueno et al., 1991) . The three Cln cyclins of S. cerevisiae are Gl cyclins (Nash et al., 1988; Hadwiger et al., 1989; Richardson et al., 1989) . The functional roles of the other sequence classes have not been defined precisely.
The activity of the protein kinase complex at mitosis is regulated partly by availability of the cyclins. In some systems, notably the embryos of various marine invertebrates, cyclin synthesis is constant through the cell cycle, but cyclin abundance oscillates because of its proteolytic degradation in each cycle at the time of mitosis. In HeLa cells, not only is cyclin half-life regulated 805 with respect to the cell cycle, but in addition, the abundance of its mRNA also oscillates, peaking in G2 or M (Pines ond Hunter, 1989) . In S. cerevisiae, the CLB1/ SCB1 and CLB2 mRNAs are strongly periodic (Ghiara et al., 1991; Surana et al., 1991) .
S. cerevisiae has at least four distinct B-type cyclins, in addition to the three known Gl cyclins Clnl, Cln2, and Cln3. It is not clear why there should be so many. We have characterized the sequence, expression, and mutant phenotypes of these four B-type cyclin genes in an effort to see if they function at mitosis and to distinguish any individualized roles they may have.
MATERIALS AND METHODS Yeast Strains
The wild-type yeast strains were an isogenic pair.
W303 1A: MATa ade2-1 trpl-l leu2-3,112 his3-11,15 ura3 canl-100 [psi'] W303 1B: MATa ade2-1 trpl-l leu2-3,112 his3-11,15 ura3 canl-100 [psi'] Most other strains were constructed by transformation of one of the wild-type parents followed by crosses. A strain carrying a cdc15-2 mutation was constructed by crossing cdc15-2 to the W303 background, followed by multiple backcrosses to W303. For the a-factor block and release experiment, the a-factor sensitive strain RC629 (MATa sstl-2 ade2 adex ural his6 metl canl cyh2) was used. The sstl mutation is also known as barl.
Media
YEPD was 1% yeast extract, 2% peptone, 2% glucose. YEP gal + raff was 1% yeast extract, 2% peptone, 1% raffinose, and 1% galactose (crystalline grade, G 0750, Sigma Chemical, St. Louis, MO). Agar was added to 2% for plates. The synthetic media were YNB drop-out media as described by Rose et al. (1990) .
Cloning of the CLB1 Gene CLB1 was cloned using a two-step polymerase chain reaction (PCR) approach. First, a 387-base pair (bp) fragment was amplified using 5' primer #310 (5'-ATGWGZGCZATYYTZXTZGAYTGG-3', where W = A/C, X = A/G, Y = T/C, Z = A/T/C/G), corresponding to the amino acid sequence M(RS)AI(LF)(VIM)DW, and 3' primer #313 (5'-YTCCATZAXXTAYTTZGCZAXZGT-3'), corresponding to amino acid sequence T(LF)AKY(LF)ME. One hundred-microliter reactions contained 10 mM tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin, 0.2 mM each of dATP, dTTP, dCTP, and dGTP, 10 AM of each primer, 1 Ag of S. cerevisiae genomic DNA template from strain LL20, and 2.5 U of Taq polymerase (Perkin Elmer-Cetus, Norwalk, CT). PCRs were carried out at 94°C for 5 min, then 30 cycles at 94°C for 1 min, 48°C for 2 min 30 s, 72°C for 1 min, followed by 72°C for 10 min. A 1/500 dilution of the resulting amplified material was used as the template in a second PCR. This time, an intemal 5' primer, #312 (5'-ATYGCZACZAAX-TAYGAXGAXATGTA-3'), corresponding to the amino acid sequence IATKYEEMY, was used instead of primer #310. PCR conditions were as above, except primer concentrations were reduced to 1 AM. The resulting amplified 227-bp fragment was gel purified from a 5% polyacrylamide gel and blunt-end ligated into pUC119. Before the PCR, all primers were phosphorylated at their 5' ends using polynucleotide kinase to allow ligation of the amplified fragment to vector ends.
The complete CLBI gene was isolated from an S. cerevisiae genomic DNA library of partially Hindlll-digested fragments in YEp213 (obtained from Dr. Scott Cameron, Cold Spring Harbor Laboratory) by screening _104 colonies with the radiolabeled PCR fragment. Plasmid was isolated from several positive clones, and the gene was sequenced 806 directly on both strands using the dideoxy chain termination method (Sanger et al., 1977) . Primers were designed progressively to sequence out in both directions from the PCR amplified segment.
Cloning of the CLB3 and CLB4 Genes
A 387-bp fragment of CLB3 was amplified using 5' primer #310 (above) and 3' primer #103 (5'-AZYTCCATZAXXTAYTTZGC-3'), corresponding to amino acid sequence AKY(LF)ME(LVIFM). A 228-bp fragment of CLB4 was amplified using 5' primer #101 (5'-ATZGCZVCZAAXTAYGAXGA-3', where V = A/T), corresponding to amino acid sequence (IM)A(ST)KYE(ED), and 3' primer #103. PCR conditions were as indicated above, with each primer added to 10 ,uM. One microgram of DNA cut with Sph I or EcoRV was used as template. The digestion prevented amplification of CLB1 gene fragments, because the relevant regions of CLBI were known to contain Sph I and EcoRV sites. The CLB3 and CLB4 fragments were gel purified and cloned into pUC119 as described for CLB1.
Plasmid clones hybridizing to the CLB3 and CLB4 PCR fragments were isolated from an S. cerevisiae genomic DNA library of partially Sau3A-digested fragments cloned into YCp5O (obtained from M. Rose, Princeton) . The CLB3 PCR fragment hybridized to a 5-kilobase (kb) EcoRI fragment; Southern analysis of genomic DNA identified the corresponding genomic fragment. Sequencing identified a complete open reading frame within this fragment.
However, in the case of CLB4, the initial clone included only the 3' two-thirds of the gene. This partial clone was used to make the CLB4 disrupting plasmid pCD4 (see Figure 3 ). An overlapping fragment containing the 5' end of CLB4 was found in a clone from the YEp213 library (see above). The sequence deduced for CLB4 (see Figure 2 ) includes information from both clones.
Plasmids
Plasmid pCD3 (see Figure 3) , used for disruption/deletion of CLB3, was constructed as follows. A 5-kb genomic EcoRI fragment containing CLB3 was cloned into pUC1 19. The plasmid was cut at a single EcoRV site by incubating with EcoRV in the presence of 25 Ag/ml ethidium bromide. After phenol/chloroform extraction and ethanol precipitation, the DNA was cut with Xho I, and a 7.6-kb fragment (consisting of the parental vector, less the 0.6-kb EcoRV to Xho I fragment) was purified from an agarose gel. A 0.95-kb Sma I/Sal I fragment carrying the TRPI gene was excised from plasmid pJJ280 (Jones and Prakash, 1991) and ligated to the compatible EcoRV/Xho I ends of the CLB3/ vector fragment to give plasmid pCD3. Plasmid pCD3 was digested with Pvu II (which cuts on either side of the polylinker in pUC119 and also in CLB3 0.47-kb upstream of TRP1) to give the fragment used for disruption/deletion of CLB3.
Plasmid pCD4 (see Figure 3 ) was constructed by subcloning a 4-kb Pst I fragment from the original YCp5O library clone into pUCl 19.
One end of the Pst I fragment consisted of the 1 100-bp Pst I to BamHI region of YCp5O (originally derived from pBR322), whereas the rest of the fragment consisted of the 3' two-thirds of the CLB4 gene and additional yeast genomic DNA. The resulting plasmid was digested with Stu I and Spe I, and a 6.8-kb fragment was purified from an agarose gel. A 1. 
Synchronization with a-Factor
A 500-ml culture of RC629 (sstl-2 = barl) was grown at 30°C to a density of 6 X 106 cells/ml in YEPD buffered to pH 5.3 with succinate. (Rose et al., 1990) and transferred by blotting to a Nytran membrane. The RNA was cross-linked to the membrane using an ultraviolet cross-linker (Stratagene, La Jolla, CA), and then the membrane was baked for 2 h at 80°C in a vacuum oven. The desired RNAs were visualized using DNA probes labeled with 32P by random-priming and using standard hybridization techniques (Church and Gilbert, 1984) .
Construction of a GAL10-CLB2 clbl clb2 clb3 clb4 strain A 2.8-kb Xho I/EcoRI fragment containing CLB2 was cloned into pIC19H. Using PCR, the EcoRI site was destroyed, and a new EcoRI site was created just upstream of the CLB2 ATG start codon. The 2.2-kb EcoRI/BamHI CLB2 fragment from this construct (BamHI is in the polylinker of pIC19H) and a 0.69-kb BamHI/EcoRI GALl-GALIO fragment Johnston and Davis, 1984) were cloned into the BamHI site of pNC161 (a pUC118 derivative) by triple ligation. This generated a GAL10-CLB2 construct on a CEN-based-TRP1-selectable pNC vector.
The BamHI fragment containing the GALlO-CLB2 in pNC161 was excised and cloned into the BamHI site of the URA3-based integrative vector, YIplac2l 1. This construct was used to integrate GAL1O-CLB2 at the URA3 locus of a strain canrying the clb2: :LEU2 disruption (strain K1890 
GAL10-CLB2 Depletion
Strain #245 was grown to early exponential phase in YEP gal + raff at 30°C. The culture was treated with 1 Mg/ml a-factor for 1 h. Cells were collected by filtration, resuspended in an equal volume of YEPD containing 1 Mg/ml a-factor, and incubated for an additional hour, after which most cells were unbudded "shmoos." The culture was split in half, and cells in each half were harvested by filtration and washed with two volumes of YEP. One part was then resuspended in YEPD, whereas the control was resuspended in YEP gal + raff. Samples for kinase assays and tubulin and 4'6-diamidino-2-phenylindole* 2HCl (DAPI) staining were taken every 20 min for 3 h. An identical control experiment was done with an isogenic wild-type strain. Staining with anti-tubulin antibody and with DAPI was as described by Surana et al. (1991) , and Clb2-associated kinase activity was assayed as described by Amon et al. (1992) .
Electron Microscopy
Cultures were fixed and prepared for electron microscopy by methods described previously (Byers and Goetsch, 1991 46 CCC GAG GAT GAA AAT GCC GCA CCT ATA CGT AAT CIT AAA CAC AGC
181 AMC ATA AGT MG CIA AAA GC GCC CCA AT! AAA GAA AGA TIC GAT
361 GAA GAA GAA GAC CAG GAG CIT CTA CCI TIG CAA CAT TAT GCT ACT
UooRV 676 ATT AAT ATA ATA GAC AGA TAT C& ICC AAA GM CIT GCT CCT GTA 
ATA GGT GAC ATr GM ATT CAG GAC GAA AAT OCA MC CAA GAA GTr
TTT CTG 'CA AAG AAG ACC GTT ACT TC AAC AGG TmT CM TIC GCT
AGG ATA AGT AAA GCA GAT GAC TAT GAC TIC GM CCA AGA ACA TTA
GCT GCI GCA CCA AMC TGG TTA GCT GCT GGC GCI TAT TTr CG AGC (Figures 1 and 2) .
In an effort to find any additional B-type cyclin genes, we used each CLB gene as a probe in moderately high stringency Southern hybridizations. CLB1 and CLB2 cross-hybridized, but no other unexplained hybridizing bands were seen. PCR primers corresponding to two regions conserved between Clb3 and Clb4 (Y(K/ R)PNPYYM and GWPGPM(S/P)F) were synthesized and used in PCRs with DNA from clb3 clb4 deletion strains (see below). No additional CLB fragments were found. However, these negative results do not rule out the existence of additional CLB genes.
A comparison of the complete amino acid sequences of the four known B-type cyclin genes of S. cerevisiae is shown in Figure 4 . All four proteins are clearly Btype cyclins, as opposed to A-type, Cln-type, etc., because they contain the motif FLRR-SK. All four proteins contain a nine amino acid "destruction box" in their Nterminal region; this motif (B-type consensus RxALGyIxN, where x is no consensus, and y is N, D, or E) is thought to target mitotic cyclins for destruction via ubiquitination at mitosis (Glotzer et al., 1991) . The only known B-type cyclin lacking a destruction box is cigl+ of S. pombe (Bueno et al., 1991) , and this cyclin is thought to act in Gl or S phase; the presence of a mitotic destruction box in all four Clbs suggests they are mitotic cyclins. The four destruction boxes are not identical to each other nor are any of them identical to the consensus, so there may be differences in the efficiency or timing of destruction of individual Clbs.
Notably, the four proteins form two homology groups, Clbl and Clb2 constituting one pair and Clb3 and Clb4 the other (Table 1) . Furthermore, the Clbl/ Clb2 pair is on a different evolutionary branch of the cyclin tree from the Clb3/Clb4 pair ( Figure 5 ). The two groups of genes are expressed at different times (see below), reinforcing the idea that they have diverged. Interestingly, Clb3 and Clb4 are most closely related to cigl+, which, like Clb3 and Clb4 (see below), appears to have a function relatively early in the cell cycle (Bueno et al., 1991 Clb3 (EEDEE .) and ending at the C-terminus of the alignment shown in Figure 4. ( Figure 6A ) and restrictive temperature arrest of a cdc15-2 mutant in anaphase ( Figure 6B) Figure 5 . The cyclin B gene family. Evolutionary tree of the cyclin family constructed using the neighbor-joining method (Saitou and Nei, 1987) , as described by Xiong et al. (1991) . Lengths of the horizontal lines reflect divergence. This tree was constructed using only 106 of the central residues in the cyclins shown, a region that is somewhat homologous between all cyclins, and so allows comparisons between very divergent cyclins to be made. For Clb3, this region begins at residue 200 (FRSTL .) and ends at residue 305 (. PMSFL). Because many of the distinguishing residues for the Clb3/4 pair are outside this region, this tree underestimates the distance between the Clb3/4 pair and the Clbl/2 pair. In this diagram, cdc13+ of S. pombe is in the Clb3/4 branch of the tree. However, when the tree is rooted differently, or when different residues are used, cdc13+ sometimes moves to the Clbl/2 branch. The cyclins used are as follows: Arp, Arbacia punctulata (sea urchin) (Pines and Hunter, 1987) ; Asp, Asterina pectinifera (starfish) (Tachibana et al., 1990) ; Gg, Gallus gallus (chicken) (Gallant and Nigg, 1992) ; Dm, Drosophila melanogaster (Lehner and O'Farrell, 1990b) ; Gm, Glycine max (soybean) (Hata et al., 1991) ; Hs, Homo sapien (human Bi, Pines and Hunter, 1989; B2, Xiong, Connolly, Caligiuri, Futcher, and Beach, personal communication) ; Pv, Patella vulgata (gastropod) (van Loon et al., 1991) ; Sc, S. cerevisiae (Ghiara et al., 1991; Surana et al., 1991 ; this report); Sp, S. pombe ; Ss, Spisula solidissima (clam) (Swenson et al., 1986) ; and XI, Xenopus laevis (frog) (Minshull et al., 1989). all genes tested, suggesting that the results accurately reflected the events occurring in an unperturbed cell cycle.
CLB1 --------------------LNNFFPLKDDVSRADDFTSSFND_RQGVKQEVLNNKENIPEYGYS CLB2 --FTRESVSRSTAAQEEKRTLKENGIQLPKNNLLDDKENQDPS_QQFGALTSIKEGRAELPANIS CLB3 ------------______________________________ CLB4 ----------------------------HNAIHNKFHQTKNNFEIENIRSSALVKEQQRDVRHED
As previously described by Surana et al. (1991) for CLB1 and CLB2 and by Ghiara et al. (1991) for CLB1 (as SCB1), the CLB1 and CLB2 mRNAs are strongly periodic. The mRNAs appear late in the cycle, probably after S phase, peak 10 min before anaphase, and then dropped late in anaphase. Because they are present only at very low levels at the cdc15-2 block, we presume they dropped before the completion of anaphase.
CLB3 and CLB4 had a different pattern of expression. Their mRNA levels were also strongly periodic but rose much earlier, at about the beginning of S phase, just after the peak in CLN1 and CLN2 mRNAs (Figures 6  and 7) . The levels stayed high until late anaphase, when Vol. 3, July 1992 Phenotypes of cib Disruptions Each CLB gene was disrupted and partially deleted in a diploid as described in Materials and Methods and by Surana et al. (1991) . For each CLB, the part of the gene deleted included sequences encoding highly conserved cyclin motifs. The diploids were sporulated, and tetrads were dissected. For each of the four single mutants, all four spores were viable, and the marker for the disruption segregated 2:2, showing that none of the CLB genes was individually essential. The complete absence of part of the CLB reading frame in two of the four spore clones was confirmed by Southern analysis for several tetrads of each type. The clb2 disruption had a mild phenotype: the cells were somewhat larger than normal, with a higher than normal percentage of budded cells, and a higher than normal proportion of cells with a G2 DNA content (Surana et al., 1991) . These phenotypes suggested that the clb2 mutant was delayed at mitosis. The other three single disruptions had no obvious phenotype.
The four single disruption strains were crossed with one another to make all possible combinations of double mutants. Spore clones predicted (from the markers present in the viable spore clones of the tetrad) to be clbl clb2 double mutants or clb2 clb3 double mutants were extremely abnormal and were very similar to each other. About two-thirds (roughly 20 of 30 for each type) of the dissected spores predicted to be double mutants died on the dissection plates as single large budded cells. The other third went through several cell divisions, and on prolonged incubation sometimes produced microcolonies visible to the naked eye. The other four possible double mutants were viable and healthy, although the clbl clb3, clb3 clb4, and clb2 clb4 double mutants had slight phenotypes (elongated enlarged cells or increased proportion of budded cells).
To examine the phenotypes of the triple mutants, we constructed each of the four possible triple heterozygotes, sporulated them, and dissected tetrads. We examined all inviable spores microscopically to determine the state of arrest of the spore or spore clone. In some tetrads, the markers in the viable spore clones allowed us to predict the genotype of the inviable spore or spores. This analysis showed that four of eight predicted clbl clb2 clb4 triple mutant spores died as single cells with a large bud, whereas the remaining four went through several cell divisions before dying. The clbl clb2 clb3 and the clb2 clb3 clb4 triple mutants had a more severe phenotype: 10/10 and 11/11, respectively, germinated and budded but died as large budded Figure 6 were also probed with CLB1. Diagram reflects timing only; no attempt was made to quantitate actual mRNA levels.) Also represented is the cell cycle timing of mitotic spindle formation. SPB, spindle-pole-body; SPBD, spindle-pole-body duplication; SPBS, spindle-pole-body separation; SE, spindle elongation. germinated and budded but failed to go through even one cell division. These results are summarized in Table 2.
Terminal Arrest Phenotype of a GAL10-CLB2 clbl clb2 clb3 clb4 Strain To characterize the lethal defect of a quadruple clb mutant, we constructed a strain that was disrupted/deleted in all four CLB genes but was kept alive by a GAL10-CLB2 fusion stably integrated into the genome (see Materials and Methods) . This strain grew well in the presence of galactose but was inviable when transferred to glucose medium. Some of the cells grown on galactose had various aberrant morphologies. This may have been due to the expression of CLB2 at inappropriate times of the cell cycle or at inappropriate levels.
When an asynchronous culture of GAL1O-CLB2 clbl clb2 clb3 clb4 cells was switched from a galactose medium to a glucose medium, cell division ceased. A large majority of the cells arrested as large budded cells with a G2 DNA content. Some cells, however, had aberrant morphologies, and some cells had a Gi DNA content.
In the hope of achieving a more homogeneous terminal arrest, we synchronized GAL1O-CLB2 clbl clb2 clb3 clb4 cells by arresting them in galactose medium with a-factor. One hour after addition of a-factor, glucose was added to repress the galactose promoter, and the cells were held in glucose at the Gi arrest point for a second hour before the a-factor was removed. (This protocol was developed with the idea that Clb2 protein might be somewhat unstable even in Gi phase and so might decay during incubation in glucose medium.) On Vol. 3, July 1992 removal of a-factor, essentially all of the cells budded and arrested as large cells with a single elongated bud (Figure 8Aa) . Little or no cell division occurred. DAPI staining of DNA showed that each cell had a single nucleus (Figure 8Ab ) that by FACS analysis was in G2 ( Figure 8B ). Staining of microtubules with an anti-tubulin antibody showed that almost all cells lacked a mitotic spindle, although cytoplasmic microtubules were observed (Figure 8Ac ). Electron microscopy showed that the spindle pole bodies in similar cells from an independent experiment had become duplicated but remained in the side-by-side configuration (still connected by a bridge) that precedes mitotic spindle formation (Figure 9 ). In this independent experiment, a few cells did possess spindles (Table 3) .
The samples were also tested for Clb2-associated histone Hi kinase activity after precipitation with an antiClb2 antibody. Substantial amounts of Clb2-associated histone Hi kinase activity were detected at the terminal arrest point, although the amounts were about eightfold lower than observed when the cells were growing in galactose medium. Our interpretation of these results is that Clb2 was somewhat unstable even at the a-factor arrest point and that most (but not all) of the Clb2 was degraded during the incubation in glucose medium. On release from the a-factor block, DNA synthesis occurred but no spindle formed, showing that spindle formation and entry into mitosis is Clb-dependent.
DISCUSSION
We have found four B-type cyclins in S. cerevisiae, giving this yeast the largest repertoire of B-type cyclins of any organism to date. Because there is no reason to believe our search was exhaustive, additional B-cyclins may yet be found in S. cerevisiae. By amino acid sequence, the four cyclins fall into two distinct structural groups. The two genes in each structural group share similar patterns of expression. Levels of CLB1 and CLB2 mRNA peak around the time of nuclear division (Surana et al., 1991) . Levels of CLB3 and CLB4 rise much earlier, at about the beginning of S phase, and fall at about the end of anaphase. The mechanism effecting this cell-cycle regulated oscillation in mRNA abundance remains to be explored. However, we note some sequence motifs shared by the upstream regions of CLB3 and CLB4 (Figure 2 However, CLB4 does play an important role in meiosis (Dahmann and Futcher, unpublished results).
Our evidence shows that the Clbs are needed for mitosis and are perhaps very directly involved in spindle formation. However, because the arrested Clb-deficient cells still contained some Clb2 activity, we cannot rule out the possibility that the Clbs are also needed for some other processes, such as DNA replication, and that the residual Clb2 activity was sufficient for these processes.
Spindle Formation, Nuclear Division, and the Clbs In most eukaryotes, the mitotic spindle forms only after the completion of DNA replication (Hartwell and Weinert, 1989) . Spindle formation may require the activity of the Cdc2 protein kinase, which, at least in other organisms, is dependent on the completion of DNA replication. This dependence is accomplished at least partly by the regulated phosphorylation and dephosphorylation of a tyrosine in the Cdc2 ATP binding site (Gould and Nurse, 1989; Nurse, 1990, 1991; Nurse, 1990; Smythe and Newport, 1992) . In S. cerevisiae, the sequence of events appears to differ. Inhibition of DNA replication by chemical inhibitors or by cdc mutations clearly demonstrates that formation of a short mitotic spindle is not dependent on completion of DNA replication (Byers and Goetsch, 1974; Byers, 1981; Pringle and Hartwell, 1981) . Activation of Cdc28 protein kinase activity is also not dependent on completion of replication (Sorger and Murray, 1992; Amon et al., 1992) .
On the other hand, spindle elongation and nuclear di- vision are dependent on completion of DNA replication. Thus, the process of mitosis in S. cerevisiae can be divided into at least two series of events: short spindle formation, which occurs relatively early in the cycle and is not dependent on S phase, and nuclear division, which occurs relatively late and is dependent on S phase.
The CLB3 and CLB4 transcripts appear at '-20 min after release from a-factor, whereas the CLB1 and CLB2 816 transcripts appear -40 min after the release ( Figure 6 ) (Surana et al., 1991) . Interestingly, in the same strain under the same experimental conditions, p13-associated histone Hi kinase activity appears at -30 min after release from a-factor (Surana et al., 1991) . Although we do not know the molecular identities of all the p13-associated kinase activities, a straightforward interpretation is that a Clb3/Clb4 associated kinase activity appears very shortly after their transcripts appear and 10 min before the CLB1 and CLB2 transcripts. We have not measured the time at which the short spindle forms in these strains, but based on previous work (reviewed by Byers, 1981) , it seems likely that it occurs before there is significant expression of CLB1 and CLB2 (Figure 7 ). Thus, a simple interpretation of our data would be that the Clb3/Clb4-associated Cdc28 kinase activity is normally responsible for formation of the short spindle and Clbl and Clb2 are normally responsible for some aspect of spindle elongation. When Clb3 and Clb4 are missing, Clb2 can provide the missing function for spindle formation. The fact that cdc28-IN cells arrest with a spindle (Surana et al., 1991) (Table 3) and that cdc28-IN can be suppressed by CLB1, 2, and 4 overexpression and has a specific lethal genetic interaction with clb2 (Surana et al., 1991) , is consistent with this; that is, the is not dependent on replication in this organism (Amon et al., 1992; Sorger and Murray, 1992) .
